Methicillin resistant Staphylococcus aureus (MRSA) is an opportunistic pathogen found in hospital and community environments that can cause serious infections. A major barrier to genetic manipulations of clinical isolates has been the considerable difficulty in transforming these strains with foreign plasmids, such as those from E. coli, in part due to the type I and IV Restriction Modification (R-M) barriers. Here we combine a Plasmid Artificial Modification (PAM) system with DC10B E. coli cells (dcm mutants) to bypass the barriers of both type I and IV R-M of S. aureus, thus allowing E. coli plasmid DNA to be transformed directly into clinical MRSA strains MW2, N315 and LAC, representing three of the most common clonal complexes. Successful transformation of clinical S. aureus isolates with E. coli-derived plasmids should greatly increase the ability to genetically modify relevant S. aureus strains and advance our understanding of S. aureus pathogenesis.
Introduction
Staphylococcus aureus is a common microorganism that colonizes asymptomatically 20-50% of the human population [1, 2] . S. aureus can cause superficial infections such as cellulitis and skin abscesses as well as deep-seated infections such as pneumonia, endocarditis and sepsis [3] . As an opportunistic pathogen, MRSA is one of the leading causes of hospital acquired (HA-MRSA) infections [4] . Community acquired MRSA (CA-MRSA) cases, typically found in healthy human populations, have also been reported with increased frequency [5] . To understand S. aureus pathogenesis in the clinical context, it is important to be able to genetically manipulate the clinically-relevant organisms. However, this is hindered by the considerable difficulty in transforming clinical S. aureus isolates, especially with exogenous DNA from E. coli. The reason for this difficulty is due to several restriction barriers present in S. aureus that preclude easy transformation of DNA from E. coli. To overcome this barrier, S. aureus strain RN4220 has been used as an intermediary [6] . RN4220 has an impaired ability to restrict foreign DNA, thus allowing E. coli-derived plasmid DNA to be properly methylated and observed as a barrier to direct transformation of S. aureus with plasmids from E. coli since the E. coli dcm system produces a particular pattern of cytosine methylation recognized as foreign by SauUSI in S. aureus [10] . To bypass the SauUSI restriction, Δdcm E. coli called DC10B which does not methylate these cytosines was created [25] . Plasmids obtained from DC10B can be used to directly transform S. aureus. Interestingly, S. aureus RN4220 and strains belonging to the CC5 complex (i.e. Mu50, Mu3 and N315) have mutations in sauUSI that result in loss of SauUSI function. These strains are therefore able to readily accept plasmid DNA from E. coli [14] .
In order to bypass both R-M I and IV barriers, and to evaluate the roles that clonal-complex specific genes such as hsdMS-1 and hsdMS-2 play in restriction barriers in S. aureus, we engineered DC10B cells to encode a Plasmid Artificial Modification (PAM) system [26] of either the HsdMS-1 or HsdMS-2 complexes specific to three dominant S. aureus clonal complexes, CC1, CC5 and CC8 [27] . We then evaluated the proficiency of these PAM systems to enable shuttle plasmids pEPSA5 and pSK236 from E. coli to be directly transformed into S. aureus, instead of via an intermediary S. aureus strain.
Materials and Methods
Bacterial strains and culture conditions Table 1 contains a list of bacterial strains used in these studies. S. aureus strains were routinely grown in Tryptic Soy Broth (TSB) and the E. coli strains were grown in Luria-Bertani (LB) broth. All strains were grown at 37°C while shaking at 250 rpm. The cell densities were measured in borosilicate glass tubes with an 18 mm diameter, using absorbance (OD) at 650nm (unless otherwise noted) in a Spectronic 20D+ spectrophotometer. Ampicillin (Amp) (50 μg/ml), chloramphenicol (Cm) (10 μg/ml for S. aureus strains, 30 μg/ml for E. coli strains), or kanamycin (Kan) (40 μg/ml) were added to the appropriate media as required by a particular strain. To amplify low copy number plasmids, overnight cultures of strains with pEPSA5 were diluted by half with warm LB and treated with 125 μg/mL of chloramphenicol and grown for several hours at 37°C with shaking at 250 rpm [28] .
DNA manipulations
E. coli plasmid purification was performed using Omega E.Z.N.A. miniprep kits per the manufacturer's instructions, while plasmid isolation from S. aureus was performed as described previously [35] . Plasmid transformations in S. aureus were achieved using electro-competent S. aureus cells made similarly to Löfblom et al [36] and Monk et al [25] . Briefly, overnight cultures of S. aureus N315, MW2 or USA300 LAC were diluted to an OD 578 of 0.500 in prewarmed TSB media. The cultures were grown at 37°C with shaking for 30 min, transferred to centrifuge tubes and chilled on ice for 10 min. The cells were harvested by centrifuging at 4000 x g at 4°C for 10 min, washed twice in equal volume ice-cold autoclaved water and pelleted at 4°C. The cells were then washed in 1/10 volume ice-cold 10% sterile glycerol, repeated with 1/ 25 volume ice-cold 10% sterile glycerol, resuspended in 1/200 volume of ice-cold 10% sterile glycerol and then aliquoted (50 μl) into tubes. Competent cells were made fresh the day of electroporation and stored on ice until needed. For electroporation, the cells were left at room temperature for 5 min, centrifuged at 5000 x g for 1 min and resuspended in 50 μl sterile 10% glycerol with 500 mM sucrose. 5 μl of Pellet Paint (Novagen) precipitated DNA was added to the cells in a sterile 0.2 cm electroporation cuvette. The cells were pulsed once using BioRad MicroPulser at 1.8kV and 2.5 msec time constant, outgrown in 1 ml of TSB/500 mM sucrose for 1 hour at 37°C, spread on TSA/Cm plates and incubated overnight at 37°C.
Creating Plasmid Artificial Modification (PAM) Systems in DC10B Cells
The hsdMS-1 and hsdMS-2 operons (annotated in the N315 genome as sa0391-2 and sa1626-5, respectively) were amplified from the chromosomal DNA of S. aureus strains MW2 (CC1), N315 (CC5) and USA300 LAC (CC8), using primers listed in Table 2 (MJJ-1-MJJ-9). As noted earlier [13] , hsdMS-1 of CC5 and CC8 are homologous while hsdMS-2 of CC1 is homologous to that of CC8. However, the presence of several non-conserved mutations between these two homologous groups warrants investigation to determine if functional homology exists. Given that the promoters of both hsdMS systems have not been defined, and that these systems will be transcribed in E. coli, we chose a well-characterized E. coli promoter to drive hsdMS transcription. More specifically, the moderately constitutive sigma-70 E. coli P(bla) promoter (BBa_I14018), together with a consensus ribosome binding site (BBa_J61101), was chosen from the Registry of Standard Biological Parts [37] and cloned upstream of the hsdM1 and hsdM2 genes by PCR using the MJJ-1 or MJJ-2 primers respectively ( Table 2) .
To facilitate antibiotic selection of other plasmids by ampicillin, the ampicillin resistance gene of pCR2.1 TOPO (Invitrogen) was disrupted by using BpmI and BsaI (New England Biolabs) followed by blunt-end ligation. Ampicillin sensitivity of the resulting plasmid, named pCR2.1-AmpS, was verified by plating the strain on LB/kanamycin and LB/ampicillin agar.
After PCR amplification, the amplified hsdMS-1 and hsdMS-2 DNA were then digested with SalI and BamHI, ligated to similarly digested pACYC184 or pCR2.1-AmpS using T4 ligase (New England Biolabs), and transformed into competent E. coli XL-1 Blue cells. Correct transformants were verified by restriction digestion and sequencing of the insertion site. Recombinant plasmids containing hsdMS-1 or hsdMS-2 were then used to transform E. coli DC10B cells and plated onto LB Agar with ampicillin (for pACYC184) or with kanamycin (for pCR2.1-AmpS). These resulting strains and plasmids are listed in Table 1 , and are available upon request from our laboratory.
Competent aliquots of each of 12 resulting DC10B strains containing pCR2.1-AmpS/hsdMS or pACYC184/hsdMS were prepared and transformed with shuttle plasmid pEPSA5 or pSK236, respectively. The transformed DC10B cells were plated on LB supplemented with ampicillin and kanamycin (DC10B with pCR2.1-AmpS/hsdMS + pEPSA5) or ampicillin and chloramphenicol (DC10B with pACYC184/hsdMS + pSK236). Determining ratio of plasmid::hsdMS to the shuttle plasmid and transformaton efficiency of the hsdMS-2 modified plasmids from E. coli into S. aureus DNA quantification and purity was performed by measuring absorbance at 260nm and 280nm on a BioPhotometer (Eppendorf Inc.) to yield the total concentrations of both plasmids miniprepped from the DC10B cells. Real time quantitative PCR (qPCR) was done to determine the ratio of pCR2.1-AmpS/hsdMS-2 to pEPSA5 and the ratio of pACYC184/hsdMS-2 to pSK236. The qPCR was done on a Roche 480 II Light Cycler using LightCycler 480 DNA SYBR Green I Master Mix following the manufacter's specifications, cycling conditions, and the primers (annotated as qPCR) in Table 2 . Samples and standard curves were run in duplicate. Standard curves using known copy numbers of pCR2.1-AmpS/hsdMS-2, pEPSA5, pACYC184/hsdMS-2 and pSK236 were set up and the unknowns were quantified to the standard curve using the Light Cylcer 480SW software, version 1.5.1.62. The correct amplification products were verified via melt curve analysis. Using this information, the ratios of plasmids were determined and the concentrations of pEPSA5 and pSK236 in the plasmid samples could be established. For transformations of E. coli plasmids into S. aureus, varying concentrations or amounts of pEPSA5 or pSK236, methylated by the hsdMS-2 system in DC10B cells, were transformed into respective S. aureus strains of the same clonal complex to create a curve to identify the amount of plasmid needed to successfully transform the recipient S. aureus bacteria. Pellet paint-precipitated DNA was used to transform S. aureus cells as described above.
Verification of correct plasmids
To verify that the transformants contained pEPSA5 or pSK236, 10 colonies from each transformation were prepared for plasmid-prep, digested with EcoRI to linearize the DNA and then resolved on a 0.8% agar gel to confirm the correct size of the plasmid. DNA sequence analysis was also performed on selected plasmids to verify plasmid identity. All samples tested contained the correct plasmid.
Statistical analysis
All statistical analysis was performed using GraphPad Prism, version 6.0c.
Results

Strategy for construction of PAM system strains
To facilitate direct transformation of plasmid DNA from E. coli into S. aureus, we have constructed two different E. coli plasmid systems that bypass the type I and type IV restriction systems in clinical S. aureus isolates, thus enabling direct transformation of S. aureus by plasmids containing either the E. coli p15A (i.e. pEPSA5) or pUC (i.e. pSK236 and pMAD) backbones. The shuttle plasmid pEPSA5, chosen for its xylose inducible promoter that allows genes to be expressed in trans [29] , has a p15A origin of replication and is compatible with the ColE1 origin of replication in pCR2.1-AmpS in E. coli DC10B cells. Likewise, pSK236, commonly used to introduce genes into homologous or heterologous S. aureus strains [31] , has a ColE1 origin which is compatible with the p15A origin of replication present in pACYC184 in E. coli. For proper plasmid methylation, DC10B cells containing recombinant pCR2.1-AmpS with hsdMS-1 or hsdMS-2 were used to modify the pEPSA5 plasmid (Fig. 1) . Similarly, DC10B cells containing recombinant pACYC184 with hsdMS-1 or hsdMS-2 were used to modify the pSK236 plasmid (Fig. 1) . As the TRS (target recognition sequence) of the hsdMS-1 and hsdMS-2 modification systems are known, we have listed in Table 3 the number of TRS assigned to each clonal complex for both shuttle plasmids.
Transformation Efficiencies of hsdMS-1 vs. hsdMS-2
S. aureus has two hsdMS operons. To determine which HsdMS complex is largely responsible for the proper methylation of plasmid DNA, we transformed S. aureus MW2 (CC1), N315 (CC5) and USA300 LAC (CC8), with pSK236 isolated from E. coli DC10B cells that contained either the recombinant plasmid pACYC184::hsdMS-1 or pACYC184::hsdMS-2 corresponding to the matching clonal complex (e.g. hsdMS-1 and -2 from CC-1 into MW2, etc.). These three S. aureus strains were also transformed with recombinant pEPSA5 plasmids that had been modified in E. coli containing pCR2.1-AmpS::hsdMS-1 or pCR2.1-AmpS::hsdMS-2 corresponding to the appropriate clonal complex. The amounts of the plasmids transformed into S. aureus include both the shuttle plasmid and the hsdMS-2-modified plasmid. We also determined the ratio of hsdMS2 plasmid to shuttle plasmid using quantitative qPCR with a standard Fig 1. A pictorial of the genetic systems that protect DNA from the type I and type IV restriction modification systems. Shuttle plasmids pSK236 and pEPSA5 are cloned into DC10B E. coli cells containing the HsdMS-1 or HsdMS-2 system-modification complex. Different HsdMS-1 or HsdMS-2 modification complexes were used, depending on the origin of replication of the shuttle plasmids. Once methylated by the HsdMS complex (represented by the star-like explosion on the plasmid in the figure), the plasmids were transformed into S. aureus. curve. Notably, only the shuttle plasmids are capable of transforming S. aureus cells. The results showed that when normalized to the amount of shuttle plasmid present in the plasmid mix, S. aureus strains transformed with pEPSA5 or pSK236 methylated by the hsdMS-2 gene products resulted in more colonies than the corresponding strains transformed with pEPSA5 or pSK236 methylated by the hsdMS-1 gene products (Fig. 2) . Specifically, hsdMS-2-modified pSK236 resulted in 73 and 516 times more colonies in strains N315 (Fig. 2C ) and USA300 LAC (Fig. 2B) , respectively, than hsdMS-1-modified pSK236. In MW2 (Fig. 2A) , hsdMS-2-modified pSK236 resulted in *20 colonies whereas hsdMS-1-modified pSK236 resulted in no colonies. Using pEPSA5 as the shuttle vector, the transformation efficiency is generally less than that of pSK236, with the exception of strain MW2. In N315 (Fig. 2F) and MW2 (Fig. 2D) , hsdMS-2-modified pEPSA5 resulted in 5 and 6 times more colonies, respectively, than hsdMS-1-modified pEPSA5. In USA300 LAC (Fig. 2E) , hsdMS-2-modified pEPSA5 yielded over 50 transformants whereas hsdMS-1-modified pEPSA5 did not yield any transformants. Collectively, these data indicate that the HsdMS-2 complex, but not the HsdMS-1 complex, is responsible for the majority of type I R-M function in S. aureus.
Measuring the effect of PAM on transformation of pSK236 and pEPSA5 into S. aureus strains MW2, USA300 LAC and N315
Recognizing that hsdMS-2 is responsible for the majority of type I R-M function in S. aureus, we next measured the effect of plasmid dosage on transformation efficiency using plasmids directly from E. coli and the amounts of shuttle plasmid DNA in the plasmid mix quantified by qPCR (see Table 4 ). In the case of hsdMS-2-modified pSK236, we showed that the number of transformants increased with plasmid dosage (Fig. 3A-C) . Interestingly, while the transformation efficiency of hsdMS-2-modified pSK236 was high for USA300 LAC (Fig. 3B) and N315 (Fig. 3C ) (5180 and 2880 colonies per μg of DNA), the transformation efficiency was not as high with pSK236 in MW2 (Fig. 3A) , suggesting that MW2 may harbor additional restriction barrier(s). The transformation efficiency of hsdMS-2-modified pEPSA5 was generally less than that of hsdMS-2-modified pSK236. More specifically, the number of transformants plated from The number of TRS sites present in each shuttle plasmid is listed. CC8 has high sequence homology with the TRS sequences listed [13] .
(Y = C or T, N = any base). the transforming mixtures of hsdMS-2-modified pEPSA5 yielded *40 colonies per μg DNA for USA300 LAC (Fig. 3E ) and *44 colonies per μg DNA for MW2 (Fig. 3D) . The transformation efficiency of hsdMS-2-modified pEPSA5 for strain N315 (Fig. 3E) was low, yielding *3 colonies per μg of plasmid DNA from E. coli.
Assessing the Effects of Bypassing Restriction Barriers I and IV
To compare how our DC10B hsdMS-2-modified pEPSA5 and pSK236 improve transformation of S. aureus compared to pEPSA5 and pSK236 isolated from E. coli K12 or DC10B, equal Transformation of S. aureus amounts of pEPSA5 and pSK236 from all three E. coli sources were purified for each CC group and transformed into respective S. aureus strains (MW2, N315 or USA300 LAC). No major differences were observed by bypassing the type IV R-M restriction barrier when we compared plasmids from E. coli DC10B vs. those from K12 (Fig. 4) . However, hsdMS-2-modified pSK236 yielded more transformed colonies than pSK236 obtained from E. coli DC10B or E. coli K12 in all three strains. Analysis via paired t-test showed that the yield with hsdMS-2-modified pSK236 was significantly higher than that of pSK236 from E. coli K12 in MW2 and USA300 LAC (p<0.05) (Fig. 4A and 4B, respectively) . In the case of N315, transformation with pSK236 from E. coli K12 and E. coli DC10B yielded a large number of colonies (800-900), presumably due to a mutation in the sauUSI gene that constitutes the type IV restriction system in S. aureus [14] . Despite this, transformation with hsdMS-2-modified pSK236 was able to produce an even higher number of N315 transformants than pSK236 from E. coli K12 or DC10B (p<0.05 with the Student t test) (Fig. 4C) . The results obtained with hsdMS-2-modified pEPSA5 were also consistent, with significantly higher numbers of MW2 and USA300 LAC transformants using the hsdMS-2-modified pEPSA5 than those from K12 or DC10B (Fig. 4D and 4E , respectively).
In particular, transformation with pEPSA5 from E. coli K12 and DC10B yielded 50-100 transformants in MW2, but the efficiency was higher with hsdMS-2-modified pEPSA5 (Fig. 4D ) (p<0.05 between hsdMS-2-modified pEPSA5 and pEPSA5 from E. coli). With USA300 LAC, however, transformation with pEPSA5 from E. coli K12 and DC10B hardly yielded any colonies whereas a similar procedure with hsdMS-2-modified pEPSA5 led to over 400 transformants (Fig. 4E) . Direct transformation of N315 with any E. coli sourced pEPSA5 was greatly reduced (Fig. 4F ) compared to similar transformations using pSK236 (Fig. 4C) . Contrary to the general trend, however, transformation of N315 with hsdMS-2-modified pEPSA5 did yield a higher average number of colonies than those from K12 or DC10B, but the difference did not reach statistical significance.
Discussion
The type I and IV R-M systems of S. aureus create barriers that prohibit easy transformation by shuttle vectors from E. coli, limiting the genetic manipulation of many clinical isolates, especially those that harbor multiple antibiotic resistance markers. By modifying E. coli DC10B cells to bypass not just one, but both these systems, our study here demonstrates that direct transformation of S. aureus strains with E. coli plasmids can be accomplished with ease. E. coli DNA that is properly methylated at the appropriate TRS is theoretically able to bypass the type I R-M barrier of S. aureus. We observed that the contribution of each hsd system to this barrier was not equal however, as the transformation of DNA from E. coli containing hsdMS-2 was the more efficient of the two systems. However, given that all known strains contain both hsd operons, it is conceivable that the combined activities of HsdMS-1 and HsdMS-2 together in a single E. coli strain could augment transformational efficiency further; this is an area that we are currently investigating.
We also observed that the type I hsd restriction and modification sites in CC5 may not be as well defined as previously determined [13] . Specifically, while there are no identified hsdMS-2 CC5 TRS motifs in pSK236 (Table 3) , N315 (a CC5 strain) upon transformation with a plasmid from an hsdMS-2-containing E. coli strain yielded many more colonies than the analogous hsdMS-1-modified pSK236 (Fig. 2C) . Therefore, it appears that the presence, absence or frequency of the TRS sequences cannot completely explain the difference in transformation efficiencies observed between the hsdMS-1 and hsdMS-2 systems.
Interestingly, we observed variances in the transformation efficiencies of the two plasmids among the tested S. aureus strains based on their clonal complex. Using the same amount of plasmid, hsdMS-2-modified pSK236 was more readily transformed into all three S. aureus strains compared to hsdMS-2-modified pEPSA5, with the difference most pronounced in N315 and USA300 LAC. Besides the possibility of variance in the TRS systems of N315 as noted above, one plausible explanation for the difference in transformation efficiency is that pSK236 and pEPSA5 may have differential cytosine methylation by the HsdMS-2 complex. Another possibility is that methylation of adenines by dam in E. coli DC10B may interfere with the methylation by the HsdMS systems. Alternatively, both HsdMS complexes and/or other as-yet-undescribed factor(s) may be required to augment transformation efficiency of pEPSA5 in our strains. The end result is likely improper methylation of the plasmid DNA, ultimately causing their restriction at sites recognized by the S. aureus type I R-M R 2 M 2 S complex [34] .
There also appears to be a difference in the transformation efficiency among S. aureus strains using the same plasmid. N315 has been reported to have a faulty sauUSI gene [14] , which limits the ability of the strain to recognize and restrict foreign DNA based on type IV R-M. Thus, unmodified E. coli K12 pSK236 DNA, typically susceptible to S. aureus R-M type I and IV barriers, was able to bypass the type IV R-M barrier to yield S. aureus N315 transformants at the same rate as that isolated from E. coli DC10B cells. However, when pSK236 DNA was modified to bypass both types I and IV restriction barriers, transformation of N315 was even more efficient than plasmid DNA from E. coli DC10B. Interestingly, this same strain that proved to be efficient for pSK236 appeared to be very difficult for transformation with pEPSA5. While we could still obtain a few transformants with hsdMS-2-modified pEPSA5, the transformation efficiency dropped further with unmodified or E. coli DC10B-derived plasmid (Fig. 4F) . This finding suggests that there may be a fundamental difference in the way the two plasmids are recognized by the type IV R-M system or that another restriction barrier is at play. Given that the G-C content of pEPSA5 is similar to that of pSK236 (37.1% vs. 39.5%), the reason for this discrepancy remains unclear. Remarkably, we found an opposite scenario for the MW2 strain, wherein the transformation efficiency was moderate with pEPSA5 from E. coli K12 and DC10B, but the efficiency was even higher with hsdMS-2-modified pEPSA5.
